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Abstract
Combustion products generated in enclosure fires can be transported throughout the 
enclosure causing death and injury to occupants and a great deal of damage to 
property and the environment. The ability to estimate the generation and transport of 
toxic combustion products in real fire scenarios involving common building materials 
is of great importance to fire protection engineers in producing detailed quantified risk 
assessment and in the design of fire-safe buildings. Most common building materials 
are polymer based. Thus toxic products evolving from burning polymers is the single 
most important factor in fire fatalities. Fire hazard calculations require modelling of 
heat generation, toxic combustion products generation and its transport in realistic 
building scenarios involving common building materials. However, the thermal 
decomposition, combustion behaviour and chemical kinetics for common polymers 
like wood, plastics, rubber and textiles are extremely complex. In the present study, a 
methodology (STEM-LER: the Scalar Transport Equation based Model using the 
Local Equivalence Ratio concept) based on solving separate transport equations for 
the species and using the yield correlations obtained from bench-scale experiments to 
model the source terms is proposed to predict the products generation and its transport 
during enclosure fires. Modelling of complex solid phase degradation and chemical 
kinetics of polymers is bypassed by measuring the product yields as a function of 
equivalence ratio by burning the samples in a bench-scale combustion apparatus 
called Purser furnace. Since the accuracy of prediction depends upon the quality of 
the yield data obtained from the Purser furnace, attempts were also made to 
numerically investigate this bench-scale toxicity test method in order to understand its 
modus operandi.
Also, large-scale fire tests were carried out involving combustible cable materials to 
generate the validation data for the combustion and toxicity models developed in the 
current work. Simulations were carried out using the proposed methodology to 
simulate the large-scale cable fires and validated with the experiments. Irrespective of 
the errors involved in approximating the complex physical and chemical processes, 
the STEM-LER methodology is able to model the combustion products generation 
near the fire and its transport to distant locations with reasonable accuracy.
Finally, a preliminary assessment on the effect of cable fires on building evacuation 
for the simulated fire scenarios were carried out using a sophisticated evacuation 
model.
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Nomenclature
a Coefficient of Oxygen in a chemical reaction equation
A Eddy-break Up constant
Ar Area [m2 ]
b Coefficient of Carbon monoxide in a chemical reaction equation
c Coefficient of Carbon dioxide in a chemical reaction equation
cp Specific heat capacity [kJ/(K kg)]
d Coefficient of water vapour in a chemical reaction equation
Dr Radiative denominator
FIHC Convective heat hazard attribute
FIHr Radiative heat hazard attribute
FIN Toxic gas hazard attribute
g Acceleration due to gravity [m2/s]
h Enthalpy [J]
k Turbulent kinetic energy
rh fuel Mass of the gas in upper layer derived from the fuel
m air Mass of the gas that is introduced from the ambient air
Pr Pressure [Pa]
q Radiative flux [kW/m2 ]
Rf Fuel burning rate [kg/s]
Sco Source term for CO transport equation [kg/s]
S C02 Source term for CO2 transport equation [kg/s]
802 Source term for O2 transport equation [kg/s]
Sh2o Source term for F^O transport equation [kg/s]
St Stoichiometric
t Time in [s] or [min] (depending on the specific application)
T Temperature in [K] or [°C] (depending of the specific application)
Ah c Heat of combustion [MJ/kg]
u Velocity along a coordinate axis [m/s]
V Velocity [m/s]
IV
Yco Mass fraction of CO
Yco2 Mass fraction of CO2
Yo2 Mass fraction of O2
Yfuei Mass fraction of fuel
Yh2o Mass fraction of H2O
Greek symbols
a Yield correlation coefficient
P Yield correlation coefficient
<; Mixture fraction
(y Yield correlation coefficient
(|) Any dependant flow variable
(j)c Compartment equivalence ratio
(j)g Global Equivalence Ratio
(j)i oc ai Local Equivalence Ratio
(j)p Plume equivalence Ratio
(j)u i Upper layer equivalence ratio
p Density [kg/m3 ]
v Stoichiometric air to fuel ratio
K Karman constant
e Dissipation rate of turbulent kinetic energy
jUiam Laminar viscosity
vt Turbulent viscosity
r<j, Diffusive coefficient of a flow variable c|>
Subscripts
i Species i or X co-ordinate direction (depending on the application)
j Y co-ordinate direction
f fuel
t Turbulent
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Chapter 1
Introduction
This chapter is dedicated to provide an overview on this project along with the 
justifications for its execution. Fire can be described as an exothermic oxidative 
process or as undesirable and hazardous combustion phenomenon. Combustion 
products are evolved during enclosure fires and are eventually transported throughout 
the building causing a great deal of damage to property and the environment, and can 
even cause death or injury to people. The ability to estimate the toxic hazards of 
combustion gases in real fire scenarios is of great importance to the fire protection 
engineers to design more fire-safe buildings. This chapter discusses about the 
significance, motivation and objectives of the project. Finally a brief description about 
the structure of this thesis is provided.
Others Unspecified
Burns 
22%
Overcome by
gas or smoke
44%
Burns and
overcome by
gas or smoke
19%
491 Deaths
Figure 1.1 Deaths by cause, UK 2005 (components are rounded)
1.1 Project Motivation
1.1.1 Carbon Monoxide - 'The Invisible Killer'
The most common identified cause of death during the fire incidents is being 
overcome by gas or smoke (Figure 1.1) [ODPM Report, 2007]. Fire statistics have 
consistently shown that the majority of fatalities resulting from enclosure fires are due 
to smoke inhalation and roughly two-thirds can be attributed to the Carbon monoxide 
(CO) poisoning [Hall 1997; Hirschler et al., 1993; Gann et al., 1994; ODPM Report, 
2007]. In addition, two-thirds of the smoke inhalation victims were found at locations 
remote from the room of fire origin [Gann et al., 1994]. CO is an odourless, colourless 
gas that kills people by blocking the oxygen carrying capacity of the blood. This is 
due to the fact that the haemoglobin in the blood has 3000 times greater affinity 
towards CO than that for oxygen. The physiological effects of increased CO levels in 
the body include incapacitation, asphyxiation, and death [Wieczorek, 2003]. The 
physiological effects of CO levels with exposure time on humans are listed in Table 
1.1 [NFPA Report, 2000].
Table 1.1 Carbon monoxide physiological effects on Humans
Level
50 ppm
200 ppm
400 ppm
800 ppm
1000 ppm
1600 ppm (0.1 6%)
3200 ppm (0.32 %)
Physiological Effect
Threshold limit value for no adverse effects
Possible mild headache after 2-3 hours
Headache and nausea after 1-2 hours
Headache, nausea, and dizziness after 45 minutes 
and possible unconsciousness after 2 hours
; collapse
Loss of consciousness after 1 hour
Headache, nausea, and dizziness after 20 minutes
Headache and dizziness after 5-10 minutes; 
unconsciousness after 30 minutes
[6400 ppm (0.64 %) 1 Headache and dizziness after 1-2 minutes, 
  -1 unconsciousness and danger of death after 10-15 minutes
f 1 2,800 ppm (1 .28 %) J Immediate physiological effects; 
| 1 unconsciousness and danger of death after 1-3 minutes
Generation of toxic combustion products like CO is a complex function of air 
availability, nature of mixing, fuel and oxidant properties, temperature etc. despite the 
fact that it is a relatively stable molecule [Kuo 1986; Drysdale 1998; Karlsson et al. 
2001; Tuovinen 1995]. The fatality statistics on CO poisoning clearly indicate the 
need for models that can accurately predict the generation and transport of CO during 
real fires.
1.1.2 Building Industry
Fire hazard calculations require modelling of heat generation, toxic combustion 
products generation and its transport in realistic building scenarios. The species of 
interest to the fire safety engineer would most often be CO, CO2, and O2, but 
concentrations of other combustion products may also be of interest; for example, 
Hydrogen Chloride (HC1) can cause corrosion leading to the failure of critical 
electronic components, and can be directly linked to mobility of people evacuating 
[Galea et al., 2004]. For decades, statistics have consistently shown that the key factor 
in fire fatalities is smoke inhalation, not only in the fire enclosure but also in areas 
remote from the fire compartment.
The following description of two such incidents is taken from Lattimer et al. [1997]. 
On October 5, 1989 at the Hillheaven Nursing Home in Norfolk, Virginia, US, a fire 
in a patient's room resulted in the death of 13 people. Each victim died of CO 
poisoning with 12 of the victims found in a room or position down the hallway from 
the room containing the fire. Twenty-three (23) patients resided along the wing 
containing the burning room. Nine (9) of the victims were found in rooms on the 
opposite side of the hallway from the burning room while 1 victim was found on the 
burning room side of the hallway. A similar type fire in a Southern Michigan hospice, 
US on December 15, 1985 claimed the lives of 8 people. Six (6) victims died of CO 
poisoning and were found in rooms down the hallway from the burning room.
Besides loss of life, fires cost billions of pounds worldwide, from damage to property, 
loss of business etc. Figure 1.2 gives the economic cost of fire for the period 2000-05 
in UK and US [ODPM Report, 2007; Karter, 2006]. The total cost of fire in UK 
includes the costs incurred in anticipation of fire, such as fire protection measures in
buildings. The figures for UK are in pounds and the figures for US are in dollars. The 
US figures shows only the direct property loss due to fires. The figure for US during 
2001 includes $ 33.44 billion in property loss that occurred from the events of 
9/11/2001.
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Figure 1.2 Total economic cost of fire in UK and US (based on the current prices and
the UK data for 2005 not available)
Figure 1.3 gives the number of civilian deaths in fires reported for the period 2000-05 
in UK and US [Fire statistics monitor UK, 2006; Karter, 2006]. The US figure during 
2001 includes the 2,451 civilian deaths from the events of 9/11/2001.
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Figure 1.3 Total civilian deaths
Fire safety engineering analysis of buildings includes some degree of assessment of 
the tenability by occupants in the event of fire. These assessments include estimates of 
the time available for people to escape a burning facility or find refuge within. 
Performance based life safety building design depends on a comparison between the 
time required for escape (Required Safe Egress Time - RSET) and the time to loss of 
tenability (Available Safe Egress Time - ASET). The time to incapacitation or the 
ASET during a fire is determined by the integrated exposure of a person to the fire 
effluent components. Calculation of integrated exposure of the fire environment on 
evacuating population requires the distribution (both spatial and temporal) of 
temperature, radiation fluxes and combustion product gases etc. throughout the 
building. Computational Fluid Dynamics (CFD) can be utilised to generate the data 
required for the evacuation analysis.
1.1.3 Electro-technical Industry
The world's annual consumption of plastic materials has increased from around 5 
million tonnes in the 1950s to nearly 100 million tonnes today. In the global plastic 
materials market, the cable segment reflects the sale of power and telecoms cables. In 
2005 the global cable market generated total revenues of $ 29.4 billion.
In most scenarios, the combustible materials fuelling unwanted fires are organic based 
polymers which may sometimes include flame retardant additives. Toxic products 
evolving from burning polymers is the single most important factor in fire fatalities 
[Hull et al. 2000]. The thermal decomposition, combustion behaviour and chemical 
kinetics for polymers like wood, plastics, rubber and textiles are complex [Sultan and 
Paul 2002; Hermansson et al. 2003].
The toxic species concentration varies with time and space during an evolving fire as 
the generation of products depends on both the yields i.e., the amount of each toxic 
product produced per unit fuel burned, and the local vitiation condition. The former 
are commonly obtained using a bench-scale combustion apparatus. There are a 
number of ways in which the toxicity information can be obtained [Gann, 2004]. 
Purser furnace is one such apparatus which is able to reproduce burning of samples
under various decomposing conditions occurring in different types and stages of real 
fires. These data are often used in toxic hazard calculations and chemical analyses of 
the toxic potency of products. The chemical analyses of the products is further utilised 
to improve the fire properties of polymer used in electro-technical products such as 
power cables, communication cables and plastics. The accuracy of the hazard 
calculations depends on the accuracy of the yield data obtained from the bench-scale 
apparatus. The geometry, test method, experimental procedure and the operating 
parameters can affect the performance of bench-scale toxicity test methods. Fire field 
models which are based on CFD technique can be used to simulate the fire 
environment inside the bench-scale combustion apparatus to validate the physical 
models. Simulations can further be used to get some insights on working of some 
bench-scale toxicity test methods for e.g. Purser furnace.
1.1.4 The Euro-Classification of Cables
In 1988, the European Commission released the 'Construction Product Directive 
(CPD)' [Evans, 1998; Leoz Arguelles, 1999]. The main objective of this directive is 
to 'remove technical barriers to trade arising from national laws and regulations in 
Member States of the EU, thus enabling the single European market in construction 
products'. Hence, the purpose of the CPD is trade liberalisation. In the same year it 
was decided that fixed cables within buildings should be regarded as one of the 
construction products. Euro-classification rates the cables in terms of a number of 
parameters viz., fire growth, heat release, flame spread, dripping and smoke. These 
parameters for any cable products are normally assessed by prescriptive standards 
such as single and bunched vertical burning. Essentially these tests concern fire 
propagation on a pass/fail basis [Robinson, 1999],
Cable producing companies are working on a mission to change the CPD regulations 
towards performance based Euro-classification. In order to change the regulations 
such as CPD, real and quantifiable benefits needs to be brought out [Robinson, 2006]. 
The principal perceived benefit of Low Smoke Zero Halogen (LSZH) cable 
technology is the reduction in fire effluent toxicity and irritancy giving improved fire 
safety in terms of building evacuation. Assessment of the impact of cable fire
environment on building evacuation can be utilised to rate the cables based on their 
overall performance.
In summary, some important applications of the CFD fire simulation are as follows:
  
Designing of 'fire-safe' buildings.
  
Analyse the effect of toxicity of the materials on people in the event of fire. 
The input can be used to suggest 'safer' materials.
  
Classification of combustible materials based on their overall performance.
  
Analysis of toxicity test methods and experiments to improve their 
performance and accuracy which are conducted to measure the toxicity of 
materials.
1. 2 Research Objectives and Questions
During recent years, there has been growing concern about the potential of fires in 
residential, public facilities, transportation etc. due to growing amount of combustible 
materials inside these enclosures. In order to perform quantified risk assessments and 
to design 'fire-safe' buildings, performance based toxic hazard calculations are 
necessary. CFD based fire field modelling is a viable choice to carry out fire hazard 
calculations. The main aim of the present study is to extend the fire field model 
generally used, i.e. the volumetric heat source model and the Eddy-BreakUp 
approach, to include the capability of predicting the production of toxic combustion 
products and transport to distant locations from the fire origin. The objectives set to 
be achieved in the development of the toxicity model during the present research are 
as follows:
1. Conduct literature survey in order to gain present understanding on the 
formation mechanisms of CO and other toxic combustion products and their 
transport in fires through hood experiments, compartment fire experiments and 
full-scale experiments. Emphasis should be given on combustible polymers 
like wood, plastics etc. Literature review should also focus on the available
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toxicity models for the simulation of toxic combustion product formation in 
fires involving complex solid fuels.
2. Develop a simple, yet sophisticated model to predict the final levels of CO and 
other toxic products generated and transported to distant locations from the 
fire origin.
3. Identify the appropriate and corresponding toxicity data required for the 
materials to be considered in the present study as inputs to the toxicity model 
from the bench scale experiments.
4. Literature survey on the available large-scale experimental data for 
combustible polymers to validate the combustion, toxicity and the transport 
model.
5. Conduct large scale fire tests and obtain comprehensive set of fire data for the 
purpose of validating the above toxicity model.
6. Validation of the methodology developed in the present study to predict the 
final levels of CO and other toxic products generated and transported to distant 
locations from the fire origin.
7. Validation of the experimental data (yield correlations) obtained from the 
bench-scale tests (Purser furnace) in predicting the large-scale fires.
The following research questions will be attempted to answer vis-a-vis the 
development of the toxicity model within the CFD fire field modelling framework:
  How can the species generation and transport in real-scale fires be 
predicted using the yield data obtained from the Purser furnace bench- 
scale tests (IEC 60695-7-50 and ISO/CD 19700)?
  Can CFD simulate the thermal and flow conditions inside bench-scale 
experiments like Purser furnace? How CFD can be used as a design 
tool to improve the performance of the Purser furnace?
  How are the combustion models important in predicting the species 
concentrations at distant locations? Eddy Break-Up model [Magnussen 
and Hjertager, 1977] under predicts the combustion rate in fuel-rich 
regions, how this model can be modified to improve the prediction?
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  How does the fire environment affect the movement of people during 
the evacuation process? Can the computed fire environment in real- 
scale building scenarios be used to provide good engineering 
judgements such as the 'survivability' and 'suitability of materials'?
1. 3 Layout of Thesis
In Chapter 2, literature review on (a) experiments describing the characteristics of the 
species production, (b) transport of species from compartment fires, and (c) modelling 
of generation and transport of combustion products during fires are provided.
The theoretical basis for the fire field modelling approach is presented in detail in 
chapter 3. In addition, the turbulence model, radiation model and the basic 
combustion model used in the present investigation are also discussed.
For the prediction of CO and COz concentrations and their final levels that are 
transported to distant locations, a new model, Scalar Transport Equations based 
Model using the Local Equivalence Ratio concept (STEM-LER) is proposed and 
discussed in detail in chapter 4. The model utilises the yield data obtained from the 
bench-scale tests to model the source terms for CO and COz to simulate real-scale 
fires. A modified Eddy Break-Up (MEBU) model is also described which takes into 
consideration the CO generation. This MEBU is used along the STEM-LER model to 
model the fuel burning rate.
Purser furnace is a bench-scale tube furnace toxicity test method in which the polymer 
samples are decomposed under various vitiation conditions occurring in different 
types and stages of real fire. The yields of CO and CO2 for the various samples are 
measured as a function of equivalence ratio. The yield correlations obtained from this 
bench-scale experiment will be used to model the source terms in the STEM-LER 
model. Chapter 5 describes the previous research on Purser furnace experiments, 
experimental setup and the operating procedure. Numerical investigations were also 
carried out to demonstrate the ability of CFD to simulate the purser furnace and to get 
some insights on the working of the toxicity test method.
In Chapter 6, the experimental details and results of the large scale cable fire tests 
conducted at SP, Sweden during October 2005 are provided and discussed. The 
objective of the large scale tests is to provide a comprehensive fire data to validate the 
STEM-LER model.
Chapter 7 is devoted to the simulations of large scale cable fire tests selected from the 
series of fire tests discussed in Chapter 6 involving three different power cables. The 
simulations were carried out using the STEM-LER model. The simulation results of 
CO, CO2 and temperature at various locations along the corridor are validated with 
the experimental results.
In Chapter 8, the effect of experimental fire hazard data is compared with the 
simulated fire hazard data for a hypothetical evacuation scenario. Also, a preliminary 
assessment on the effect of simulated cable fire environments on the evacuation is 
performed.
Finally, a summary on the research work carried out during this project and the 
important conclusions are presented in Chapter 9 with some remarks on future 
directions in further improving the methodology given in Chapter 10.
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Chapter 2
Literature Review
2.1 Introduction
A complete building fire hazard assessment requires the knowledge of toxic chemical 
species production and its transport to remote locations from the fire. Typically, the 
combustion products generated during real fires involving common building materials 
include chemical species such as acid gases, CO, CO2, HCN, NOX , SOz, unburned 
hydrocarbons, soot, polycyclic aromatic hydrocarbons (PAH), volatile organic 
compounds (VOC) and formaldehyde to name a few [Andersson et al., 2004]. This 
chapter discusses previous research on the current understanding of species production 
near the fire and transport of these gases from the fire origin to adjacent areas.
2.2 Small-Scale Experiments on Species Generation in Fires
2.2.1 Hood Experiments and the Global Equivalence Ratio (GER) Concept
Significant progress has been made on identifying the various formation mechanisms for 
combustion product species such as CO within an enclosure containing fire. Pitts [1995] 
in his article gives an extensive review summarising research on CO formation in fires up 
to 1994. In a typical compartment fire, a two-layer system is formed in which the upper
layer consists of hot combustion products that collect below the ceiling, and the lower 
layer consists of primarily the ambient air that is entrained into the base of the fire. Much 
of the progress in understanding CO formation mechanisms in real-scale fires are built on 
a series of 'hood' experiments. Beyler [1986a; 1986b] was the first to propose that it 
might be possible to correlate the species yields and species production rates to an overall 
fuel-to-air ratio(equivalence ratio). The experiments performed consisted of placing a 
burner underneath a 1 m diameter insulated hood which resulted in the formation of a 
layer of combustion products in the hood similar to that found in a two-layer 
compartment fire. The schematic of the two-layer system created in the hood experiments 
of Beyler is shown in Figure 2.1. By varying the fuel supply rates and the distance 
between the burner and the layer interface, and, consequently, the air entrainment rate, a 
range of equivalence ratios was obtained. Beyler's results [1986a; 1986b] showed that the 
species yields correlate very well with the plume equivalence ratio ((j)p ) in his experiments 
which is equivalent to the Global Equivalence Ratio (GER) under steady state conditions. 
The GER, defined in equation 2.1, indicates whether a fire is fuel or ventilation 
controlled.
m fuel
m air
m fuel
(2.1)
St
where m^, is the mass of the gas in the upper layer derived from the fuel, mair is the
mass of the gas that is introduced from air and
m fuel
mair
is the stoichiometric mass ratio
St
that is required for complete burning of the fuel to fully oxidized products.
Beyler presented the results of CO yields for gaseous, liquid, and solid fuels as a function 
of the plume equivalence ratio which is shown in Figure 2.2 [Gottuk and Roby, 1995]. 
Beyler concluded that below an equivalence ratio of 0.6 a constant minimal CO 
production was observed. Above (j)p = 0.6, CO yield increases with §p and, for most fuels,
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tends to level out at (j)p > 1.2. When presented as unnormalised yields, the data clearly 
indicates fuel type independence; however, Beyler reported that if presented as a 
normalized yield, the CO production can be ranked by chemical structure according to 
oxygenated hydrocarbons > hydrocarbons > aromatics.
Exhaust and 
Gas Sampling
Layer 
Interface
Exhaust and 
Gas Sampling
Burner
Figure 2.1 Schematic of the two-layer system created in hood experiments of Beyler
[1986a; 1986b]
Cetegen [1982] investigated the entrainment into the buoyancy-driven fire plume using a 
modified hood design. Instead of sampling the gases directly from within the hood, as 
was done by Beyler, the combustion gases were allowed to spill out beneath the inner 
hood and into a second hood from which they were exhausted from the laboratory. As a 
result of this arrangement, the interface region became thinner and the layer interface was 
located very close to the bottom of the first or catcher hood making it to be better defined. 
Cetegen used natural gas as the fuel and his measurements were consistent with the 
observations of Beyler for a range of other fuels. For rich conditions, upper-layer 
temperatures were on the order of 850 K.
Computing
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Figure 2.2 CO yields as a function of (j)p for various fuels studied by Beyler 
(Reproduced from Gottuk and Roby 1995)
In a later work, Lim [1985] used the same hood experimental facility with natural gas 
fuel to make more careful measurements. The observed upper-layer temperatures were in 
the range of 450-850 K. Figures 2.3 and 2.4 show the results of CO and O2 yields. All the 
above hood experimental measurements have good qualitative and quantitative 
agreement between them. The solid lines in Figures 2.3 and 2.4 correspond to chemical- 
equilibrium calculations assuming natural gas and air mixtures at the given GER ((j)g) and 
are allowed to come into chemical equilibrium at the temperatures indicated. By the
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Figure 2.3, Lim [1985] demonstrated and suggested that chemical-equilibrium 
calculations can be utilized to predict reasonably the CO concentrations for a temperature 
range of 750-800 K and the O2 concentration in fuel-lean areas ((j>g < 1.0). However, it 
seems that there is still some uncertainty involved in their calculations for the 
recommended temperature range (750-800 K). Lim [1985] concluded that the difference 
between experimental and theoretical values may be due to: (1) the accuracy of the 
instruments; (2) their assumption of negligible soot formation; (3) equilibrium not being 
established in the hood.
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Figure 2.3 Mole fractions of CO 
(Reproduced from Lim [1985])
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Figure 2.4 Mole fractions of O2 
(Reproduced from Lim [1985])
Tonner et al. [1987] and Zukoski et al. [1991] carried out similar hood experiments with 
a different experimental setup. The hood used was a 1.2 m cube box, insulated on the 
inside with ceramic fiber insulation board. Gas samples were drawn using an uncooled 
stainless-steel probe inserted into the layer. They replaced the individual gas analysers 
used by earlier researchers with a gas chromatography system, which allowed accurate 
concentration measurements of a large number of species in the upper layer contained 
within the inner hood. This made it possible to measure the concentrations for a sufficient 
number of species more accurately. The upper layer equivalence ratio (fyu \) was 
determined from conservation of atoms using the chemical species measurements, the 
composition of fuel, and the fuel flow rate. Natural gas was used as the fuel and upper
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layer temperatures ranged from 490 to 870 K. It was concluded that the species 
concentrations were well correlated to the upper layer equivalence ratio, (j)u i, and 
insensitive to temperatures for the range studied.
Morehart et al. [1990] performed a series of hood experiments with a new hood facility, 
but utilized the same gas analysis procedures developed by Toner. The new hood was 
considerably larger (1.8 x 1.8 x 1.2 m) than the earlier facility. Steady-state burning 
conditions were established by keeping the burner-to-layer interface height and the fuel 
burning rate as constant. Near the top of the hood, a series of tubes with perforation is 
located to inject additional air into the upper layer at a known flow rate until a new steady 
state is achieved. This procedure established the condition (j)u i lower than c[)p, since <J)P is 
based on the ratio of the fuel mass burning rate to the mass of air entrained into the plume 
from room air below the layer interface. By varying the air supply rate to the upper layer, 
a range of <j)u i was established while maintaining a constant (j)p .
Although the CO and CFL; correlations obtained by Morehart et al. [1990] followed 
similar trends, it deviated from those obtained by Toner et al. For well-ventilated 
conditions Morehart et al. [1990] observed higher CO and CH4 yields. For under- 
ventilated conditions, Morehart et al. observed lower CO, CO2 and F^O yields and higher 
CH4 and Oz concentrations than Toner et al. The upper layer temperature ranged from 
488 to 675 K. Morehart et al. attributed the deviation to the fact that the layer 
temperatures were 120 to 200 K lower than in the experiments conducted by Toner et al.
Morehart et al. [1990] also studied the effect of increasing temperature on layer 
compositions. They observed that an increase in the upper layer temperature resulted in 
more fuel being combusted to products of complete combustion and additional CO.
Pitts [1995] extensively reviewed the experimental investigations carried out to 
charaterise the CO production mechanism. Pitts [1995] noted that the focus of the hood 
experiments on changes in upper-layer composition was solely on the temperature 
dependence. Pitts [1995] also postulated that the average residence time for the
16
combustion products in the upper-layer have some effects too on the final composition of 
the upper-layer. He further expanded the GER concept and postulated that the final CO 
concentration levels depend on the following processes [Pitts, 1997]:
a. Quenching of a turbulent fire plume upon entering a rich upper layer
b. Direct introduction of additional oxygen in to the high-temperature, vitiated upper 
layer.
c. Pyrolysis of wood in the high-temperature, fuel rich upper layer.
d. Approach to equilibrium by the combustion products. 
All the above mechanisms results in the formation of additional CO.
2.2.2 
a. The hood experimental measurements discussed above demonstrated that the
composition of upper layers in hoods above the fires correlate well by plotting the
concentrations in terms of GER. 
b. The correlations are independent of fuel supply rate and the layer interface height
from the fuel source.
c. However, the correlations depend on the fuel type and the upper layer temperature, 
d. For upper layer temperatures < 500 K, the reaction rates are very slow, and the
correlations are independent of temperature, 
e. For the temperature range 500 - 800 K, changes in the upper layer composition of
the products are observed. The hood experimental data suggest that the shifts in
the upper layer composition are the result of oxidation of additional fuel to
produce CO, CO2 and H2O. Concentrations of H2 appear to be relatively
insensitive to the temperature effect, 
f. For upper layer temperatures > 800 K, the O2 concentrations in the upper layer
approaches zero, 
g. The average residence time in the upper layer is also an important variable that
has an effect on modification in the upper layer gases concentration along with
the temperature.
17
Toner et al. [1987] compared the measured species concentrations to the calculated 
equilibrium composition of reactants and products at constant temperature and pressure. 
They found that the chemical equilibrium calculations were able to model quite well the 
layer composition for very well-ventilated conditions and not for under-ventilated 
conditions. Following their observation of CO production for §u \ > 1.0 at the expense of 
COa production, they suggested that the CO oxidation was 'frozen out' before completion 
i.e., at low temperatures, there is insufficient energy for CO to oxidize to CO2. Since the 
experimental measurements were independent of temperature for the range studies (490 
to 870 K), Toner et al. [1987] concluded that, if a freeze-out temperature for CO existed, 
it must be higher than 900 K.
Morehart [1990] performed detailed chemical-kinetic calculations of a plug-flow reactor 
for a fuel rich mixture typical of the upper layer conditions observed in the hood 
experiments of Morehart [1990] to address the effect of temperature on upper-layer 
reactivity. The calculations showed that such mixtures did become reactive for 
temperatures > 700 K in agreement with his experimental findings, but the calculated 
changes in upper-layer composition were not consistent with the differences between the 
Toner and Morehart's experiments.
Pitts [1992] reported calculations using similar experimental concentrations of 
combustion gases observed by Morehart. Calculations were performed over a range of 
temperatures (700 - 1300 K), 0.5 < <j)g < 2.83, and residence times from 0 to 20 seconds. 
Effects of mixing behavior and heat loss variation were also investigated by considering 
two possible extremes: infinitely fast (Perfectly Stirred Reactor Model) and infinitely 
slow (Plug-Flow Reactor) mixing models. The detailed chemical-kinetic calculations 
were performed using CHEMKIN subroutines [Kee et al., 1980].
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The conclusions based on the investigation are summarized below:
  Upper-layer gases are unreactive for temperatures less than 700 K.
  Upper-layer combustion gases become reactive for temperatures > 800 K.
  Reaction rates increase with temperature. For the lowest temperatures, residence 
times of 10 seconds were required for complete reaction, while periods of < 1 
second were required at 1300 K.
  The products generated varied for lean and rich conditions and with temperature. 
For lean conditions products of complete combustion (i.e. COi and F^O) were 
formed. For rich conditions, CO was produced in preference to CC>2. At lower 
temperatures (< 1100 K) F^O was generated in preference to hydrogen (H2), but 
for temperatures greater than 1100 K, Fh was the main product. Since hydrogen 
does not require an oxygen atom, more oxygen was available for oxidation of fuel 
and higher concentrations of CO were formed at the higher temperatures.
Zukoski et al. [1987] attempted to understand the temperature dependence of the hood 
experiments based on thermodynamic arguments which assumes that the combustion 
gases in a hood come into thermodynamic equilibrium at the temperature of the hood 
gases. However, concentrations of the various species under the hood were inconsistent 
with this assumption.
Gottuk et al. [1995] carried out a detailed study to assess the effect of temperature on CO 
production in compartment fires in order to resolve the applicability of GER-Yield 
correlations obtained in simplified upper layer environments in predicting realistic 
compartment fires. Gottuk et al. [1995] studied the chemical reactivity of upper layer gas 
composition using a detailed chemical kinetics model to get insights into the effect of 
temperature on CO production. Based on the study, the effect of change in temperature 
on upper-layer composition of a compartment fire is twofold:
1. Generation of intermediate species like CO in the fire plume depends upon the 
quenching of the fire plume by the upper layer. Quenching of the fire plume at
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various heights has significant effect on the final CO levels from the fire plume. 
Also as the compartment temperature increases, the fire plume temperature 
increases resulting in more complete oxidation of the fuel to CO2 and H2O within 
the plume thus reducing the final CO levels from the fire plume. 
2. Oxidation of post-flame gases in the upper layer is also affected. Upper-layer 
temperatures > 900 K allow near complete oxidation of CO to CO2 when <j)g < 1.1. 
However, for the upper-layer temperatures < 800 K, no CO oxidation is reported 
which indicates that the upper layer is fairly un-reactive.
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Figure 2.5 Chemical kinetics model calculated species concentration vs time for 
(j)g = 1.36 at temperature 1000 K (Figure taken from Gottuk et al. 1995)
Figure 2.5 shows the calculated major species concentrations plotted versus time for an 
under-ventilated case, cj> = 1.36, at an upper layer temperature of 1000 K. At upper layer 
temperatures characteristic of compartment fires, the upper layer gases are quite reactive. 
The figure also shows that for under-ventilated fires, the CO level rises quickly as the 
fuel (C2H4) is being oxidized. However, the oxygen is depleted before all the fuel is 
oxidized resulting in high CO concentrations and residual fuel. Hence, carbon dioxide 
levels remain virtually unchanged. From the above thermodynamic calculations of 
Gottuk et al. [1995] (see Figure 2.5), it is evident that the hydrocarbon oxidation to CO
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and H2 is much faster than CO and H2 oxidation to CO2 and H2 O, respectively. This is 
due to the preferential combination of free radicals, such as OH, with hydrocarbons over 
CO. Carbon monoxide is oxidised almost exclusively by OH radical to CO2 [Warnatz, 
1984]. Therefore, it is not until the hydrocarbons are consumed that free radicals are able 
to oxidise CO to CO2 . The above mechanisms results in the increase of final CO levels 
transported to remote locations. If additional air is introduced to this high-temperature 
fuel-rich upper layer, complete oxidation of fuel and CO takes place which are 
exothermic reactions. This above mechanism results in reduction of final CO levels 
transported to remote locations. Thus the upper-layer temperature dictates post-flame 
oxidation in the upper-layer. Chemical kinetics results of Zukoski et al. [1989] and 
Gottuk et al. [1995] indicated that upper layer temperatures of 850 to 900 K or higher are 
needed for the layer gases to be reactive.
The hood experiments differ from actual compartment fires in the following ways 
[Gottuk et al., 1995]:
1. The hood setup allowed heat losses through considerable radiation to the lab 
space below. However, in real compartment fires, the heat loss through radiation 
results in higher wall and upper-layer temperatures.
2. Under hood setup, the plume is fed from an infinite supply of air which is neither 
vitiated nor heated. In real compartment fires, the hot vitiated air containing 
products is entrained in to the plume.
3. The hood experiments did not include any significant ceiling and wall flame jets. 
These dynamic flame structures enhance mixing of the upper layer in actual 
compartment fires and extend the flame zone beyond the plume.
4. The hood experiment correlations were developed from sustained steady state 
burning conditions. Actual fires of interest evolve with time, and, thus are more 
transient in nature.
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Mulholland [1990] reviewed a number of large-scale fire tests which were conducted at 
National Institute of Standards and Technology (NIST) in Gaithersburg, USA. He 
recommended the values for post flashover yields of CO, COi and C>2 depletion to be 0.2, 
1.5, and 1.8 g/g fuel respectively for enclosure fires involving materials commonly found 
in a computer work place. Pitts [2001] presented a brief summary on some of the post 
1995 real-scale experimental efforts to characterise CO formation. He identified that 
majority of experimental investigations focused on CO formation within the room and the 
need for further studies to understand the subsequent reaction and transport of these gases 
to predict accurate engineering hazard estimates.
Tewarson [1993] performed detailed studies on generation rates of fire products for 
various fire ventilation conditions using the Flammability Apparatus at Factory Mutual 
Research Corporation (FM). Tewarson [1995] presented the data as a ratio of species 
yields for ventilation controlled to well ventilated fires. Tewarson [1995] developed 
generalised relationships to calculate chemical, convective and radiative heats of 
combustion and yields of combustion products at various equivalence ratios for 
halogenated and non-halogenated polymers. Tewarson concluded that the ratios of 
oxygen and carbon dioxide were independent of the chemical composition of the 
materials, while the ratios of carbon monoxide and hydrocarbons did exhibit a 
dependence on the chemical structure of the materials as reported by Beyler.
Tewarson [1984] reported the CO and CO2 yields and 02 depletion for wood crib fires 
conducted in a special small-scale test apparatus at Factory Mutual Research Corporation 
(FM Global) along with results from three other studies. The three studies consisted of 
burning cellulosic based fiberboard and pine wood cribs in various compartment 
geometries, ranging in volume from 0.21 to 21.8 m3 . Tewarson [1984] concluded that the 
yields correlated well with the air-to-fuel stoichiometric ratio and that the GER was a 
useful parameter for the correlation of species yields for equivalence ratio between 0 to 5. 
The air entrainment rate in to the compartment was estimated using a ventilation 
parameter, Arh' /2 , where Ar is the cross-sectional area and h is the height of the vent.
Gottuk et al. [1992a] and Gottuk [1992b] conducted reduced-scale compartment fire 
experiments to determine the yield-equivalence ratio correlations for hexane, PMMA, 
spruce, and flexible polyurethane foam. The test compartment (1.2 m x 1.5 m x 1.2 m 
high) was specially designed with a two-ventilation path system to measure directly the 
air entrainment rate and the fuel volatilisation rate. Measurements of species 
concentrations using an uncooled stainless steel probe and temperature at several 
locations showed a well-mixed, uniform layer.The correlations of these experiments were 
in qualitative agreement with those observed during Beyler's hood experiments. However, 
some significant quantitative differences in the rise of CO yield exist between the two 
studies. Figure 2.6 shows the comparison of CO yields for hexane fires in the 
compartment setup of Gottuk [1992b] and under hood apparatus of Beyler. An offset 
exists between the rise in normalised CO yield for the two studies. For the Beyler's hood 
experiment, the CO yield is negligible until <j)p = 0.5 and then the CO yield rise to a peak 
value of 0.09 at around (j>p = 1.0. During the Gottuk's compartmental fire experiment, the 
CO yield is negligible until (j)p = 1.0 and then the CO yield rise to a peak value of 0.11 at 
around <j)p = 1.3. Gottuk et al. [1992a] explained the differences in terms of temperature 
effects.
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Figure 2.6 Comparison of normalized CO yield correlations obtained for hexane fires
between the compartment fires of Gottuk [1992b] (shown in circles) and Beyler's hood
experiments (Figure reproduced from Gottuk [1992b])
For the region of discrepancy between (j)p = 0.5 and 1.5, the upper layer temperatures in 
Beyler's hood experiments were typically below 850 K, whereas temperatures for the 
hexane compartment fires of Gottuk were above 920 K which is typically associated with 
postflashover fires.
Bryner et al. [1994] reported measurements of combustion gases within a 40 % reduced 
scale model of a ISO 9705 standard compartment, measuring 0.98 x 1.46 x 0.98 m. A 
single doorway was located in the centre of the short wall measuring 0.4 m wide x 0.81 m 
high. The fire source was a 15 cm diameter natural gas burner, located 15 cm above the 
floor in the centre of the compartment having a heat release rate range between 10 to 670 
kW. The corresponding GERs ranged between 0.1 to 1.5. Both horizontal and vertical 
measurements of the species were taken within the compartment. The results showed that 
the horizontal variations in the species concentration exists within the compartment. Data 
for vertical variations in the species levels were reported for 250 kW and 600 kW fires. 
The data indicated vertical variations in the species levels within the compartment, as 
opposed to the typically assumed uniform composition of the upper layer.
Bryner et al. [1995] reported measurements in a full-scale ISO 9705 standard 
compartment using natural gas as the fuel and compared the measurements with the 
results of the 40% reduced-scale enclosure results. For underventilated burning 
conditions, the concentrations of CO in the full-scale room were observed to grow with 
time, reaching levels considerably higher than observed in the 40% reduced-scale ISO 
9705 standard room. Bryner et al. [1994, 1995] observed that the upper-layer gas 
concentrations can vary significantly over a small vertical and horizontal distances. 
Therefore, Bryner et al. [1994, 1995] concluded that the concentrations within the 
compartment could not be correlated to a single global equivalence ratio for the 
compartment, instead a local equivalence ratio would be required.
Lonnermark et al. [1997] and Blomqvist and Lonnermark [2001] performed experiments 
in a ISO 9705 room with solid and liquid fuel sources at the Swedish National Testing 
and Research Institute, SP. The compartment ventilation was varied by changing the
soffit height and keeping the door width as constant. Five fuel sources were used in the 
study, viz., Polypropylene (PP), Nylon 66 (Ny), Tetramethylthiuram monosulfide 
(TMTM), Chlorobenzene (CB), and Chlorornitrobenzoic acid (CNBA). The average 
species concentrations at the exit plane were performed using a probe with seven equally 
spaced holes; the probe was positioned diagonally across the exiting flow of the opening. 
The species measurements included O2 , CO2 , CO. NOX , THC, HCL, HCN, NH3 , and soot. 
Vitiation condition was measured using the phi-meter at a single point. Data was 
presented as species yields versus the global equivalence ratio. The data covers a range of 
equivalence ratios upto 1.4. Based on the discussion by Blomqvist and Lonnermark [2001] 
on the correlation, they believed that it would have been more appropriate to report the 
data as local species levels versus local equivalene ratio since only single point 
measurements using the phi-meter were made.
One of the sources of fire is attributed to electrical faults [Cullis and Hirschler, 1981]. 
Also a neighbouring fire could give out sufficient energy to ignite electrical cables. Once 
ignited, the fire not only propagates but may also intensify, owing to the fact that 
electrical cables have an insulation layer which is flammable and may decompose to 
produce combustible gases at high temperature. Notorious examples of fires which 
involved electrical cables are Kings Cross underground station in London, HMS 
Sheffield in the Falklands conflict and Dusseldorf Airport in Germany. There is thus a 
strong motivation for investigating the flammability of electrical cables [Leung et al., 
2000].
The amount of power and communication cables involved in buildings increases day by 
day fueled by rapid advancement in the field of Information Technology. For building 
wiring applications, almost all cable insulation coverings are made of plastics. 
Polyvinylchloride (PVC) is more widely used than other polymers such as polypropylene, 
polyethylene, and synthetic rubbers. It is well known that burning of these plastics 
produces combustion products which are toxic and corrosive. Fires involving cables and
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the effects thereof have increasingly been in focus in recent years largely due to the fact 
that the effects of cable fires can be very large (both in terms of people and property loss), 
and the damages they cause correspondingly are high for insurance companies.
Fei et al. [2003] performed series of fire tests simulating cable fires in plenum caused by 
exposed and aged combustible cables in a real-scale flatlet model containing burn room, 
ceiling plenum, and target room. A special communication cable type insulated with High 
Density Polyethylene (HOPE) and sheathed with Linear Low Density Polyethylene 
(LLDPE) was utilized. A related fire reference scenario was designed to simulate how 
cables in plenum were involved in a fire from potential fire loads to substantial fuel by 
the role of an external flaming source and to characterize related fire issues. The 
geometrical details of the combustion flatlet model are shown in Figure 2.7.
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Figure 2.7 Scheme of the Real-Scale Test Rig used by Fei et al. [2003]
Apart from temperature, smoke obscuration and heat release rate measurements, gas 
sampling to detect the concentration of CO, COz, Oz, HCN, HC1, and SO2 were carried 
out both at the plenum of burn room and target room. Major concerns were as to that how
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various amounts, various ignition means, construction and different ventilation rates 
impact on fire performances (heat release rate, smoke temperature, smoke obscuration, 
combustion products, and toxicity) of cables in plenum. It was found that influences of 
these parameters are obvious. The burning of exposed tested cables in plenum easily 
poses a high potential of fire hazard even at a relatively low fire load.
Andersson et al. [2004] conducted a series of small scale (using the DIN 53436 tube 
furnace) and large scale experiments (using the IEC 60332-3 rig) to measure the toxicity 
for two types of power transmission cables used in buildings. The two types of cables are: 
PVC sheathed cable with PVC insulation around the individual wires and a cable 
sheathed with Casico material with Casico insulation. The cross-section of the power 
cables exhibiting various parts in the cable is shown in Figure 2.8. The PVC used was a 
non-flame retarded, flexible PVC formulation and the main components of Casico 
material are CaCOs, a silicon gum and an ethylene butylene acrylater (EBA) 
copolymerised with polyethylene. The experimental results of the gas composition under 
different fire conditions were unique in that they identified a wide variety of organic and 
inorganic species. The main focus of their work is to provide information concerning 
quantitative organic species evolution from cable fires which was lacking in the open 
literature until then.
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Figure 2.8 Cross-section of a power cable showing the components
Sung et al. [2004] performed full-scale burning tests on PVC electric cables at post- 
flashover stages. A room calorimeter of size similar to that in the ISO 9705 standard test 
compartment was built. The room is of length 3.6 m, width 2.4 m, and height 2.4 m with 
a door of height 2 m and width 0.8 m. An exhaust hood was constructed outside to 
measure the heat release rates by oxygen consumption method. Combustion gases such as 
CO, CO2, and Oz were measured at the hood. The main objective of Sung et al. [2004] 
was to measure the net heat release rate curve on burning the cables inorder to assess the 
fire hazard and its devastating side effects. They suggest to utilise this additional heat 
release curve to fire models to give a better assessment on the consequences of burning 
the plastic combustibles.
The previous sections of this chapter have dealt with measuring the production of 
combustion species using hood setup (lab scale experiments) and in standard 
compartments (reduced scale experiments) under various fire conditions. In practicality, 
real-scale fires are also dependent on building geometry. Since CO is an odorless and 
colourless gas, the transport of this toxic gas to regions remote from the fire also poses a 
serious threat. Some studies have been conducted to investigate the generation and 
transport of toxic combustion products in real-scale building scenarios, but there is still 
much more work to be done [Gottuk and Roby, 1995].
During the post-flashover stage of a fire, fuel-rich exhaust gases escape from the 
compartment. If the ambient air in the adjacent space is entrained into the high 
temperature fuel-rich exhaust gases, the exhausting gases starts burning. This 
phenomenon is termed as 'external burning'.
Fardell et al. [1986] conducted large-scale experiments with a burning compartment 
having a 2 m high doorway exhausting perpendicular to the axial direction of a 11.4 m 
long, 1.2 m wide corridor with full-height walls. The study investigated the species levels
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just outside of the doorway, and at the end of the corridor, for burning of four fuels: pine 
wood, polymethylmethacrylate (PMMA), polypropylene homopolymer (PP), and 
expanded polystyrene (EPS). Experiments were conducted for two different doorway 
widths, i.e., for 0.76 m and 0.2 m wide openings. The doorway provided the single 
ventilation path between the burning compartment and the corridor for both airflow into 
the compartment and exhaust gas flowing out of the compartment. Fardell et al. [1986] 
focused their attention in investigating the toxicity of the environment produced at the 
two sampled locations.Between 20 to 40 hydrocarbon compounds, including oxygenated 
organincs, saturated and unsaturated hydrocarbons, and aromatic hydrocarbons were 
identified during the analysis of spot samples. Overall Fardell et al. [1986] found that the 
CO was the most significant gas, in concentration and toxicity, at both locations sampled.
Morikawa et al. [1993] conducted experiments with a fire resistant two-storey house with 
the ground floor burning compartment vented to the open atmosphere and to a hallway 
attached to stairs leading to the first floor. The room in the first floor had a door opening 
whose size was varied for different experiments. The burn room was fully furnished with 
typical room contents, representing a wide range of materials. Continuous monitoring of 
CO, CO2, and O2 was performed in the ground floor hallway just outside of the burn 
room, and in the first floor room, at both high and low locations. Spot sampling of gases 
allowed chromatographic analysis of hydrogen cyanide (HCN) and acrolein 
concentration levels at the same sampling locations. The results indicated, as with Fardell 
et al. [1986], that CO was the dominant toxic gas with the most significant concentration 
in the fire exhaust. However, HCN will also have a significant contribution to the lethal 
toxicity of the atmoshpere.
Gottuk et al. [1992c] and Lonnermark et al. [1997] investigated the effect of open-jet 
external burning, on the burning of exhaust gases from a compartment fire as they 
exhaust to the open atmosphere. Gottuk et al. [1992c] compared the gas composition 
inside the compartment during similar fires of Gottuk et al. [1992a] to determine the 
efficiency of external burning in oxidising CO and soot. A summary of these studies is 
given below [Gottuk and Roby, 1995]
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  Two distinct types of external flames were observed during the compartment fires. 
First, external flame jets appeared as ceiling jets extended from the main fire 
plume within the compartment, and out through the exhaust vent. Secondly, 
during significantly underventilated fires in the compartment, external flames 
occurred when the exhausting flammable gases from the compartment mixed with 
a sufficient amount of ambient air, and were ignited causing external burning.
  Overventilated fires never produced external burning, because the excess oxygen 
in the compartment completely oxidised all of the fuel inside the compartment.
  Compartment fires that produced a 'quasi-steady-state' average plume 
equivalence ratio equal to or greater than 1.7 produced sustained external burning. 
The occurrence of sustained external burning was the only form of external 
burning observed to reduce CO and soot levels significantly.
Ewens et al. [1994] investigated the evolution of compartment fire exhaust gases during 
transport through a 3.66 m long hallway for underventilated conditions (Figure 2.9). The 
fuel-rich plume exhausting from the compartment, into an adjacent enclosed space, when 
mixed with ambient air can result in oxidation of toxic combustion gases to less 
threatening COi and water, provided correct conditions exist. Ewens et al. [1994] 
focussed on the effect of hallway fluid dynamics on the oxidation process by varying the 
hallway inlet and exit soffit heights. Ewens et al. [1994] concluded that the oxidation of 
exhaust plume in the adjacent space was a function of the hallway fluid dynamics, the 
stoichiometry of the gases entering the hallway, gas temperatures, and the fuel 
volatilasation rate inside the compartment. Ewens noted that unburned hydrocarbons 
were oxidised more completely than CO or soot, and attributed this to the low hallway 
gas temperatures.
1.22 in
Figure 2.9 Compartment/hallway experimental setup used by Ewens [1994]. (Image
reproduced from Gottuk and Lattimer [2002])
Luo and Beck [1994, 1997] conducted full-scale tests in a multi-enclosure, multi-storey 
building having the basic structure of 21 x 15 x 12 m high steel and concrete frame. A 
schematic plan-view of the multi-room fire compartment building is shown in Figure 
2.10. The objective was to obtain a comprehensive set of experimental data including 
flame spread velocity, mass release rate, gas temperature, radiation heat flux and gas 
analysis. Polyurethane foam was used as the fuel to generate non-flashover and flashover 
fires. Based on the measured gas compositions of CO, CC>2 and Oz, the total fraction of 
incapacitating dose (FID) at the center of the room 101 (R101) and 1.9 m above the floor, 
reached 0.17 for the non-flashover fire and 0.7 for the flashover fire in 5 min. In room 
102 (the burn room) the temperature reached 400° C in 3 min for the non-flashover fire; 
in the case of the flashover fire the temperature reached 600 C during the same period. 
The time to incapacitation based on the CO, CO2, low 02 and heat exposure in the burn 
room is much shorter (< 1 min) compared with that in room 101 for both types of fires. 
This comprehensive set of experimental data was used as the validation cases for CFAST
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two-zone model and the computational fluid dynamics model, CESARE-CFD [Luo and 
Beck, 1996; Luo et al., 1997].
((02): 
Figure 2.10 Layout of the first level of the experimental building-fire facility, 
instrumentation and fuel configuration (Reproduced from Luo and Beck, 1996)
The main objective of this PhD research is to develop a methodology to predict levels of 
CO and other toxic products generated and transported to distant locations during real- 
scale fires involving complex solid fuels. It was necessary to review bench-scale 
experiments like hood experiments, compartment fire experiments and full-scale
experiments dealing with CO and other toxic combustion products generation to gain the 
present understanding on the formation mechanism of CO and other toxic combustion 
products generation and their transport in fires. Emphasis was given on combustible 
polymers like wood, plastics etc. The review also focussed on the available large-scale 
experimental data for combustible polymers to validate the combustion, toxicity and the 
transport models. Based on the literature survey on fire experiments, it is evident that 
there is a dearth of comprehensive set of experimental data on real-scale fires involving 
complex fuels like combustible plastics.
It is evident from the experimental investigations on compartment fires discussed above 
that the upper layers in real fires are far from homogeneous [Bryner et al., 1994] and that 
the upper layer may be reactive. The advent of mathematical modelling started from 
semi-emprical and analytical models. There are two basic strategies in mathemetical 
modelling of fires: zone and field modelling.
2.7.1 
The evolution of early semi-emprical and analytical methods led to the development of 
zone models: the first generation of computer fire models. As the name implies, the fire 
compartment is divided into at least two distinct regions such as hot upper layer and a 
cool lower layer. These two zones are considered representative of two control volumes 
and gas properties are assumed to be constant. Zone models have been widely used to 
simulate a variety of fires, thanks to its simplicity and low computational expenses 
[Kawagoe 1958, Emmons 1978, Rockett 1976, Euo et al. 1997, Mitler 1991]. Zone 
modelling relies heavily on empirical data and much work has been carried out to 
generate these data [Steckler et al. 1982, Peacock et al. 1991]. Zone models have the 
following intrinsic disadvantages.
a. Zone model heavily relies on empirical data.
b. Cannot predict the distribution of concentration of toxic gases and temperature in
the upper layer, 
c. Not applicable to complex geometries [Beard, 1996].
2.7.2 
Fire field models based on CFD techniques have the ability to resolve spatial variation of 
fire environment. This approach is based on applying local conservation laws for physical 
quantities such as mass, momentum, energy and species in a flow domain. Over the last 
two decades, revolutionary progress has been made in the field of Computational Fluid 
Dynamics (CFD) and the computational power has increased enormously and 
computational resources have become cheaper. Such progress manifests itself in building 
codes, regulations and standards through gradual movement away from prescriptive- 
based to performance-based flexible methodologies. This coincides with the dramatic 
shift from zone models to field models in fire modelling. Field models are not as sensitive 
as zone models to geometry and can describe the fire plume and upper layer behaviours 
to a higher resolution. The CFD approach is considered to be fundamental to the future 
development of fire modelling which can provide the basis for the development of 
performance-based fire safety regulations. Cox [1995] reviewed both zone and field 
models used in the simulation of compartment fires and Novozhilov [2001] provides a 
comprehensive review on the mathematical modelling techniques, currently available for 
compartment fires.
One of the stated objectives of this work is to develop a model for toxic combustion gases 
production and transportation in realistic building scenarios. To do so requires a review 
of current modeling techniques of carbon monoxide production in fires. The widely used 
models to simulate real-scale fires are
  Eddy Break-Up (EBU) based models.
  Flamelet concept based models.
  Equivalence ratio concept based models
Eddy Break-Up model (EBU) is the most widely used combustion 
model with much 
success. The model originated from the works of Spald
ing [1971] and is based on the 
assumption that chem.cal time scales are fas, compared 
to the turbulence scales Bilger 
[1976] showed that a conserved bounded scalar mixture fraction can
 be used «o formulate 
state relationships for a variety of flame propertie
s (i.e. spec.es mass fraction 
temperature and enthalpy). Thus the flamelet models calculated the te
mperature, density 
and spec.es concentrations by the correlation between t
hese variables and the mixture 
fraction. These correlations are either evaluated from t
he detailed calculations of the 
lammar, stagnation point diffusion flame or from the mo
st common opposed jet laminar 
flame experiments.
Luo e. al. [1997] simulated non-flashover and flashover polyure
thane slab fires in a 
prototype multi-room, multi-storey building using a fiel
d model, called CESARE-CFD 
fire model. Gas phase combustion phenomena were mod
eled using the mixture fraction 
concept. The basic concept is that the combustion reactio
n rate is determ.ned by the gas 
m,xing rate of fuel with air under infinitely fast reaction 
assumption. For combustion of 
polyurethane foam, CO and CO2 were assumed to b
e the products of combustion 
calculated by the chemical reaction equation given as follo
ws [Tsuchiya, 1995]:
CH,.,,Oo.263No.oS5 + (0.5b + c + 0.346 + 0.028x)O2 -» bCO + cCO2 + 0.
955H2O +
0.055NOX (2.2)
Emprical relationships for polyurethane foam given by 
Takeda and Yung [1992] were 
used to calculate the local CO and CO2 concentrations as 
follows:
Yco 28b 44c 60Yr 
and
44c 28b 23
Where Yj is (he mass fraction of species j (j = CO, CO2 and O2); b and c a
re constants In 
general CESARE-CFD fire model gave reasonable q
ualitative pred.ctions for non-
flashover fire and gave conservative results for flashover fire. The authors explained the 
differences by the limitation of fire growth model and the combustion model.
Yeoh et al. [2003] validated the CFD based fire model using laminar flamelet method by 
simulating an enclosure fire in a single level multi-room building[Luo and Beck, 1994]. 
The state relationships for individual species as a function of mixture fraction were taken 
from the curves fitted against laminar flame measurements. The authors found the 
laminar flamelet combustion model to perform reasonably well in predicting the CO and 
concentrations within the burn room against the experimental data obtained.
Wen and Huang [2000] predicted confined jet fires under ventilation-controlled 
conditions using three different combustion models, viz., the laminar flamelet model, the 
constrained equilibrium method and the eddy break-up model. They found that all the 
three combustion models were able to predict the trends of distributions for velocity, 
temperature, soot, and CO. Due to the lack of detailed experimental data on species 
concentrations, no conclusions were drawn on the models capability in predicting species 
distributions.
Wen et al. [2001] studied the effect of microscopic and global radiative heat exchange on 
the field predictions of compartment jet fires. Laminar flamelet calculations were 
performed using the RUN-1DL code developed by Rogg and co-workers [Rogg, 1998]. 
For the chemical reactions, a detailed reaction mechanism for propane oxidation 
developed by Peters [1992] was used. It consisted of 112 reactions and 37 species. 
Radiation was included in the flamelet calculations by DTRM [Liu and Rogg, 1996]. The 
predicted vertical distributions of CO, COz and OH at two locations near the fire were in 
good agreement with the steady state experimental profiles. It was also observed by Wen 
et al. [2001] that microscopic radiation has significant effect on the predictions of soot 
and OH and negligible effect on the predicted concentrations of CO, COz and H2O. This 
was attributed to the fact that the mixing processes have more dominant effects on their 
formation than chemical kinetics. In consistent with the general belief, they also found
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that the global radiative heat exchange had significant effect on the temperature 
predictions.
Welch [2002] attempted to model a corner fagade fire scenario involving plastic and 
cellulosic materials by means of a non-adiabatic laminar flamelet model. For this purpose, 
flamelets were generated using the CHEMKIN code [Kee et al., 1996] for heptane fuel by 
a detailed chemical kinetic mechanism (160 species/1540 reactions). A reasonable 
quantitative match was achieved between the predicted and the experimental CO 
concentrations for the scenario involving plastics. The predicted CO concentrations were 
over-predicted for the case involving wood volatiles. Welch [2002] postulated that the 
over-prediction for this case derives from the heptane chemistry underlying the flamelet 
combustion model, which is clearly inappropriate for wood volatiles. He concluded that 
further work is needed to examine the model's performance for a wider range of 
materials and test cases. In addition, the existing flamelet library requires extension, in 
particular to achieve a better representation of the wood chemistry to model the CO 
concentrations more accurately.
Hyde [2000] conducted a series of experiments to investigate the evolution of CO 
formation in low momentum turbulent vitiated flames, typical of a well developed 
compartment fire. Experimental results for ethylene, showed that the CO yield is 
dependent on ambient temperature and the ambient oxygen level, producing a maximum 
yield at the highest temperature and oxygen levels. It was also illustrated in his thesis that 
given the timescales involved it seems most unlikely that equilibrium levels would be 
reached in the hot upper layer of the compartment fire and that elevated levels of CO 
were due to flame quenching and continued reaction at the interface between the two 
layers. A Flamelet model using the laminar flame data and several modified EBU models 
were incorporated into a finite volume fire research code, SOFIE, for evaluation. 
Simulations of the experimental flames and representative compartment fire scenarios 
using the above models were reported. Hyde [2000] concluded that in general EBU 
models tends to underpredict the CO yields whereas the laminar flamelet approach shows
more promise particularly in the rich regions of the flame arguably typical of hot upper 
layers.
Hyde and Moss [2002] compared the strategies based on laminar flamelet relationships, 
derived from computations of vitiated laminar diffusion flames, and a simplified two-step 
EBU for the modeling of CO production in vitiated compartment fires. A flamelet library 
was constructed incorporating the parametric variation of ambient oxygen concentration 
and temperature. Both the strategies were implemented in SOFIE, a CFD based fire 
modeling code. CFD simulations of ventilation controlled compartment fires using the 
SOFIE code suggest that both modeling approaches offer the prospect of reliable CO 
prediction, given a measure of calibration.
Jason and Kevin [2007] proposed a new mixture fraction based framework wherein the 
mixture fraction is decomposed into constitute parts that represent the products of 
different reactions (two-step chemistry). Jason and Kevin [2007] suggest that the mixture 
fraction needs to be decomposed into three components to account for local flame 
extinction and also the production/destruction of CO. The proposed new mixture fraction 
approach was validated against three sets of experimental data of varying scale: a slot 
burner, a hood experiment and a compartment fire experiment. All three sets of 
experiments involve relatively clean burning fuels. Jason and Kevin [2007] concluded 
that the new method tends to over-predict CO formation because of its assumption that 
the first step of the reaction was infinitely fast and believe that there is room for 
improvement to the current approach.
The primary aim of this subsection was to conduct a brief review on the state-of-the-art 
combustion and toxicity models in modelling of the complex solid fuels burning in real- 
scale fires. The Global Equivalence Ratio concept, developed for zone modelling, is 
found to be a useful tool to describe the fire conditions within compartments. Also the 
generation of CO is well correlated to the GER for both the hood experiments and the 
reduced room fires [Gottuk, 1992b; Beyler, 1986a; Beyler, 1986b; Pitts, 1994; Wang et
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al., 2001; Wang 2006]. Various field modelling approaches using the equivalence ratio 
concept will be discussed in detail in the Chapter 4.
Based on the literature survey on fire experiments, it is evident that there is a dearth of 
comprehensive set of experimental data on real-scale fires involving complex fuels like 
combustible plastics. Hence it was decided to perform full-scale fire experiments 
involving cables in collaboration with Swedish National Fire Technology and University 
of Bolton and conduct detailed measurements of the toxic combustion gases as part of the 
present research. The author was involved in preliminary assessment of the labyrinth 
design, construction of the labyrinth, setting up of the analysers, thermocouples, lasers, 
etc. The author was also involved in the monitoring of the real-time test data and post- 
processing of the test data. The comprehensive set of experimental data thus obtained will 
be utilized to validate toxicity models used to simulate the generation and transport of 
combustion species in real-scale fires involving combustible plastics.
Real fire incidents involve complex fuels such as combustible plastics. Almost all of the 
investigators modelling the cable fires have targeted their research on predicting the mass 
loss rate, flame spread or heat release rate [Grayson et al., 2000; Green, 2001; Dey, 2001; 
Moss, 2001]. Majority of the investigations on modelling of CO and COz during fires 
deals with liquid or gaseous fuels which have simpler molecular structure and are often 
easy to conduct combustion experiments. It is important to model the real fires involving 
realistic fuels to improve the toxic gas hazard modelling.
Given the benefit of fire field models over the zone models, the new methodology that 
will be developed later in the thesis will be under the field modelling framework. Hence, 
the basic concepts and sub-models of the field modelling approach will be presented in 
detail in the next chapter.
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The rapid progress in the understanding of fire processes and their interaction with 
building structures and layout has resulted in the development of a wide variety of 
models that are used to simulate enclosure fires. This chapter gives a detailed description 
about the Field modelling approach.
Field models are the most sophisticated computer models for simulating enclosure fires 
and are often described as 'CFD' (Computational Fluid Dynamics) models. Over the last 
two decades, the use of computer models for simulating enclosure fires have increased 
dramatically. This is due to many factors, including the increased complexity of building 
design, rapid progress made in understanding the fire and flow phenomena, and the 
advances made in computer technology. Fire field models based on CFD techniques have 
the ability to resolve spatial variation of fire environment. Recently, there is a dramatic 
shift from zone models to field models in fire modelling. Such transformation manifests 
itself in building codes, regulations and standards through gradual movement away from 
prescriptive-based to performance-based flexible methodologies. The CFD approach is
considered to be fundamental to the future development of fire modelling which can 
provide the basis for the development of performance-based fire safety regulations 
[Novozhilov, 2001; Yeoh et al., 2003].
Using field modeling, the domain of interest is divided into a large number of small 
control volumes and the basic laws of mass, momentum, and energy conservation are 
applied to each control volume. Figure 3.1 shows a schematic diagram of how this may 
be done for a compartment fire.
Figure 3.1 Illustration of Field Modelling Concept
Fires and other combustion processes fall in the area of turbulent chemically reacting 
flows, which are modeled by a set of conservation equations describing the flow, the 
chemical species mass fraction, and the enthalpy. The CFD fire field modelling software 
SMARTFIRE [Galea et al., 1999; Ewer et al., 2004] is used in the present investigation to
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simulate the detailed thermal and fluid flow. The basic set of conservation equations 
consists of the classical Navier-Stokes, mass, momentum and energy transport equations. 
Due to random fluctuations, and wide spectrum of time and length scales of eddies 
present in turbulent flows, the balance equations are averaged to describe only the mean 
flow field. The Favre averaged equations of continuity, momentum and scalar variables 
are given below. Generally, a Favre averaged (mass weighted) quantity, Q is represented
by Q with the tilde over the variable and the time averaged quantity by Q with a
superposed bar. For simplicity, the tilde over any single variable and the superposed bars 
over the tensor product are omitted. In the following discussion, the product of a variable 
and a vector indicate Favre averages.
The mass conservation equation, also called the mass continuity equation or simply the 
continuity equation, implies that for any flow situation, the rate of increase of mass in the 
control volume must equal the net rate of inflow across its faces.
do Sou-
Newton's second law of motion states that the rate of change of momentum of a fluid 
particle equals the sum of all forces acting on the fluid particle. The momentum 
conservation equation is given by
di dXj dXj dx }
The energy conservation equation is derived from the first law of thermodynamics which 
states that the rate of change of energy of a fluid particle is equal to the rate of heat 
addition to the fluid particle plus the rate of work done on the particle. The enthalpy form 
of the energy equation is given by
dph
V^P ^T
grad(h)
The static enthalpy, h is defined as follows:
h = Jc p (T)dT-h 0
vo
m f H (3.3a)
Where cp(T) is the specific heat of the gas mixture, T is the temperature and ho is the 
enthalpy of air in its standard state at 0 K. Under the assumption of a constant and equal 
specific heat for all components, the temperature can be evaluated from the expression
h + h 0 -m f H (3.3b)
a
div (PuYfue,)^div(r fuel grad(Yfuel ))-Sfuel (3 .4a)
^\
   ( P Y0xidant ) + di V ( PU Y
dt 0x,dant Ox,dant
= div(rc.0 grad(Yco ))
(3 -4 b)
*(PY«., grad(Yc02 ))
(3.4 e)
The basic reactions assumed in the present study and how the source terms are calculated 
based on the yields and fuel reaction rate (Rf) are described in detail in Chapter 4 (section 
4.5).
In most practical combustion scenarios the flow is turbulent. Turbulent flows are 
characterized by irregularity and three-dimensionality. The main objective of turbulence 
modeling is to propose closure for the unknown quantities appearing in the Favre
averaged conservation equations such as, (Reynolds stress) and Y,
(Reynolds flux). The standard k-e turbulence model [Launder and Spalding, 1974] or its 
variants are the most widely used turbulence models. The k-e turbulence model is based 
on eddy viscosity hypothesis and solves for two additional variables k, the turbulent 
kinetic energy, and 8, the dissipation rate to model directly the Reynolds stress and 
Reynolds flux. As diffusion flames accompanying fires are essentially buoyancy-driven 
flows, additional production of turbulence due to buoyancy needs to be taken into 
account. The transport equations for buoyancy modified two-equation, k-e turbulence 
model [Hossain and Rodi, 1982; Rodi, 1985] are given as
dk OpUjK d J
at 5x j axj
Pv tI lam ^k J grad(k)
and
£ f \
c J
grad(e) + (3.6)
where P represents the turbulent production rate
au
dx
dv
.ay.
dv } (du <9w x
' H dy dx) V dz dx J I dy dz
ll/0 ^
and G represents the buoyancy term, given by
t dy
orG--gv t
dy
(3.8)
where g is the acceleration due to gravity and
(3.8a)
The turbulent viscosity is evaluated by using the expression
(3.8b)
where C M ,ak ,ae ,C le ,C2e andC3 are turbulence model constants. The default values for 
these constants as incorporated in SMARTFIRE are given in the table below:
c^
0.09
C7k
1.0
CTe
1.22
Ci e
1.44
C2e
1.92
C3
1.0
Table 3.1 Turbulence Model Constants
Radiative heat transfer plays a very important role in fires. In many combustion systems 
it is the dominant mode of heat transfer particularly near the fire source. Radiation 
contributes significantly to ignition of distant objects and flame spread. The conservation 
equation for the radiative heat transfer in a medium is described by
f I(Q',r)(()(Q' -Q)dQ' (3.9)
where Q is a specified direction; 1 represents the physical path length along Q; r is the 
position of a point; I(Q,r) stands for radiation intensity along Q at position r; a and s are 
absorption and scattering coefficients of the medium respectively; Ib(r) is the blackbody 
radiation intensity; and (j)( Q, - Q) is the scattering phase function. In many engineering 
applications, the effect of scattering is negligible and when the scattering is neglected, the 
Equation (3.9) is simplified as follows:
) + alb (r) (3.10) 
dl
The two widely used computational methods to solve the radiant heat transfer equation 
are the Flux and the Discrete Transfer methods. Since the six-flux radiation model 
[Hamaker, 1947] is employed in this study, it is outlined in detail.
The Six-Flux radiation model available within SMARTFIRE solves for six equations, one 
in each co-ordinate direction (both positive and negative directions). In the modified Six- 
Flux radiation model, heat fluxes Rj, are calculated by solving the additional conservation 
equations in each component direction which have the following form:
dl s
  = -(a + s)I + aE (I + J + K + L + M + N) (3.1 la)
dx 6
46
dT s
 = (a + s)J-aE (I + J + K + L + M + N) (3.lib) 
dx 6
dK s
   = -(a + s)K + aE + -(l +J + K + L + M + N) (3.lie) 
dy 6
dl s
  = (a + s)L-aE (l + J + K + L + M + N) (3. lid) 
dy 6
   = - (a + s)M + aE + -(l + J + K + L + M + N) (3. lie) 
dz 6
dN s
  = (a + s)N-aE (l +J + K + L + M + N) (3.110 
dz 6
where a is the absorption coefficient, s is the scattering coefficient, E is the black body 
emissive power of the fluid and I, J, K, L, M, and N are the six coordinates direction 
radiative fluxes.
Transfer of heat through radiation leads to a source in the enthalpy equation given by
a ((1-E) + (K-E) + (M-E) + (J-E) + (L-E) + (N-E)) (3.12)
Combustion phenomenon is a mass and energy conversion process during which 
chemical bond energy is transformed to thermal energy. Fuel reacts with oxygen 
available in the air to form products such as CC>2 and L^O which have lower chemical 
bond energy than the reactants. To define turbulence in a non-reacting flow, at least two 
quantities; a velocity and a length scale are required. In chemically reacting flows, such 
as in turbulent combustion, some more time scales such as chemical time scale and 
diffusive time scale etc. needs to be determined to calculate the turbulence-chemistry 
interaction and its influence on the flow field. A non-dimensional parameter which is 
used to characterize the combustion regime is Damkohler number. It is defined as the 
ratio of flow time to the chemical time. Two limit cases important for non-premixed
turbulent combustion are: pure mixing without combustion (Da -> 0) and infinitely fast 
chemical reaction rate (Da -> GO ). In most practical cases, turbulent flames correspond to 
high values of Damkohler number. Since the time scales of the convective processes are 
much larger than time scales of the combustion reaction process, infinite reaction rate 
chemistry assumption is justified in most real fire scenarios. Under the fast chemistry 
assumption, fuel and oxygen cannot co-exist and the instantaneous species concentrations 
are the functions of the conserved scalar at that instant only. One such scalar parameter 
that is widely used with much success is the mixture fraction, ^. The state relations for 
both reactants and products derived by considering complete combustion reaction for 
polypropylene (C3H6) is shown in Figure. 3.2.
Figure 3.2 State relations for Polypropylene (C3H6)
Thus the crux of the problem in modeling turbulent reacting flows with non-premixed 
reactants lies in the handling of the mean chemical species production term and in the 
chemistry-turbulence interaction.
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Eddy Break-Up model (EBU) is the most widely used combustion model with much 
success. The model originated from the works of Spalding [1971] and is based on the 
assumption that chemical time scales are fast compared to the turbulence scales. He 
proposed that the reaction rate may be directly related to the time required for the 
reactants to mix at molecular level. In turbulent flows, this mixing time depends on the 
rate of break-up of the eddies by the action of turbulence, and therefore, the rate is 
proportional to a mixing time defined by the turbulent kinetic energy, k, and the 
dissipation rate, e.
Magnussen and Hjertager [1977] have subsequently developed the EBU model and 
expressed the rate of reaction by mean concentration of a reacting species, turbulent 
kinetic energy and the rate of dissipation of this energy. According to Magnussen and 
Hjertager [1977], the fuel burning rate is given by
(3.14)
k
where the model constant A usually takes the value of 4.0. Yf and Y0xygen are the mass 
fractions of fuel, oxygen, and v is the stoichiometric ratio of oxygen to fuel.
All the dependent variables of interest obey a generalised conservation principle. The 
starting point of any numerical method is the mathematical model. In CFD fire modelling, 
it is the set of governing partial differential equations for the dependent variables and 
their associated boundary conditions. After selecting the mathematical model, one has to 
choose a suitable discretisation method, i.e. a method of approximating the differential 
equations by a system of algebraic equations for the variables at some set of discrete 
locations in space and time [Ferziger and Peric, 2002]. Variety of discretisation
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techniques such as Finite Differencing Method (FDM), Finite Volume Method (FVM), 
Finite Element Method (FEM), and spectral methods are available. FVM is currently 
adopted in the present work. In FVM, the calculation domain is divided into a number of 
non-overlapping control volumes such that there is one control volume surrounding each 
grid point [Patankar, 1980]. The advantage of using control volume formulation is that it 
is easy to understand and lends itself to direct physical interpretation. The differential 
equation is integrated over each control volume assuming piecewise profiles for the 
variation of any dependant variable between grid points to evaluate the required integrals. 
The result is a set of discretised equations containing the values of dependant variables at 
a group of neighboring grid points.
The FVM method begins with discretisation of the flow domain and of the relevant 
transport equations. It seems logical to define and store flow variables and scalar 
variables at the same location. However, difficulties arise where the velocity or pressure 
at alternative grid points are equal. As a consequence a highly non-uniform pressure field 
can behave like a uniform field in the discretised momentum equations. This situation is 
popularly known as 'checker-board' pressure field. A remedy to this problem is to use a 
'Staggered Grid' for the velocity components and evaluate scalar variables, such as 
pressure, density, temperature etc. at nodal points [Harlow and Welch, 1965]. The 
arrangement for a two-dimensional flow calculation is shown in Figure 3.3.
Although the staggered grid storage arrangement for the velocity components in each 
coordinate direction has been the most widely used technique for pressure based solution 
schemes, it has been recognised that the storage requirements for such schemes is very 
large. In SMARTFIRE, a collocated grid arrangement, where velocity components in 
each coordinate direction are stored at the cell-centre, is used. This approach reduces the 
storage requirements for geometrical related quantities. To alleviate the problem of 
predicting the 'checker-board' pressure fields, SMARTFIRE uses the Rhie and Chow's 
interpolation technique [Rhie and Chow, 1982] to predict the flux at the cell-faces, where
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they are needed, by means of an algorithm that is free from the checker-board oscillations. 
Thus the face velocity depends on the pressure values prevailing at the cell centers of the 
neighboring cells (without using interpolation), and interpolated values of the other 
quantities used within the momentum equation [Ewer et al., 2004].
- t---
Figure 3.3 Staggered Grid Arrangement for Velocity Components and Pressure
The convection of a scalar variable <j), depends on the magnitude and direction of the 
local velocity components. In general the velocity field is not known in the begining of 
the calculation and the solution process starts with a guessed velocity field. The velocity 
and the pressure field emerges as part of the overall solution process along with all other 
flow variables. The pressure gradient term in the momentum equations is the dominant
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momentum source in most flow of engineering importance. The real obstacle in the 
calculation of the velocity field lies in the unknown pressure field.
In 1972, Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) algorithm was 
proposed by Patankar and Spalding which is essentially an iterative procedure for the 
calculation of pressure and velocities on the staggered grid arrangement described above 
[Patankar and Spalding, 1972]. In the present work a modified version of SIMPLE, 
known as SIMPLEC (SIMPLE-Consistent) is used. SIMPLEC algorithm follows the 
same steps as the SIMPLE algorithm, except that the momentum equations are modified 
such that the SIMPLEC velocity correction equations omit terms that are less significant 
than those omitted in SIMPLE. The solution procedure for SIMPLEC in sequential steps 
is outlined below.
Guess the initial pressure field p , velocity field (u , v , w ) and scalar field (j) etc.
Solve the momentum equations with the guessed pressure field to obtain the 
velocity field.
Solve for the pressure correction equation, p .
Calculate the new pressure field.
Correct the velocity field using SIMPLEC- velocity correction equation.
Solve the other conserved quantities i.e. Enthalpy, Temperature, Turbulence, 
Concentration, Radiation, Density, Viscosity, Species mass fractions, etc.
7: Update the corrected pressure, velocity etc. as the latest values and return to Step
2.
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Repeat Steps 2 to 7 until the solution has converged. 
Repeat Steps 2 to 8 for the next time step.
This chapter described the governing conservation laws and various sub-models to model 
the turbulence, radiation, combustion phenomenon in the CFD modelling approach. 
Having described the basics of the field modelling approach, the new methodology based 
on solving separate transport equations for species and using LER concept and yield 
correlations from the Purser furnace bench-scale experiments to model the source terms 
will be presented in detail in the next chapter.
The production and transport of combustion products during fires can affect people, 
property, equipment, and operations. In fact, a relatively small fire can produce enough 
soot to damage items very far from the source, and the seemingly benign smoldering fire 
can produce enough Carbon monoxide (CO) to incapacitate people at a remote location. 
Other combustion products, e.g., HC1, can cause corrosion leading to the failure of 
critical components, and is directly linked to the mobility of evacuating people [Purser, 
1995]. Although combustion products generated during real fires include a vast number 
of chemical species, in practical circumstances the product gas mixture can be 
charaterised by a small number of species. Results from several fire fatality studies [Hall 
1997; Hirschler et al., 1993; Gann et al., 1994] have demonstrated that CO is the 
dominant toxic combustion product responsible for the smoke inhalation fatalities. Hence, 
in the present study, carbon monoxide (CO), carbon dioxide (COi), water (HiO), are 
assumed to represent the most common combustion products for any organic fuels and 
the only combustion products simulated to demonstrate the methodology proposed in this 
chapter. The methodology can be extended to predict various other toxic combustion 
products which might require additional experimental data similar to that of CO, CO2 .
Modelling the generation of combustion products involves a detailed knowledge of their 
chemistry. Burning behaviour of most fuels is complex in nature, and the kinetic 
mechanisms are not well defined if not least understood. To allow an estimation of the 
fire hazard, the amount of each toxic product produced per unit fuel burned must be 
assessed, i.e., the species yield must be estimated. Such estimates are possible using data 
from small-scale or large-scale experiments. Since the large-scale experiments are very 
expensive, the alternative approach is to obtain the species yield from bench-scale 
experiments. Developing an effective and simple strategy for incorporating chemistry and 
thermal degradation into the combustion model was one of the main objectives of this 
work. To model accurately the generation of combustion products locally, and the 
transport of products to remote locations, species transport equations for fuel, CO, CO2 , 
O2 and H2 O need to be solved. Fortunately, with rapid advancement in computer 
processing power, computational times have been substantially reduced and solving a few 
more transport equations have become feasible.
In this chapter, a Scalar Trasport Equation based Model using the Local Equivalence 
Ratio Model) to model the species source terms is proposed and disscussed.
- The ratio of the available fuel mass to the mass of available oxygen 
(or air), divided by v, the stoichiometric fuel to oxygen (or air) mass ratio.
(^) - The mass of atoms that originally were from fuel divided by 
the total mass of the gaseous mixture.
(yO - The mass of species i produced per unit mass of gaseous fuel.
(Yi) - The mass of species i divided by the total mass of the 
gaseous mixture.
(j)|OC ai - The ratio of the available fuel mass to the mass of 
available oxygen (or air) in a control volume, divided by v, the stoichiometric fuel 
mass to oxygen (or air) mass ratio.
Beyler [1986a; 1986b] and Cetegen [1982] were the first to propose that it might be 
possible to correlate the species yields and species production rates to the mean upper 
layer equivalence ratio. This upper layer mean equivalence ratio is widely referred in the 
literature as Global Equivalence Ratio (GER) [Pitts, 1994; Pitts, 1995]. The GER is 
defined as the mass of gas in the upper layer derived from the fuel divided by that 
introduced from air normalised by the stoichiometric ratio.
Gottuk et al. [1992a] conducted reduced scale experiments where he measured both the 
air inflow and exhaust gases and confirmed that species production inside the 
compartment are very well correlated with the compartment equivalence ratio, <j>c, 
defined as,
f ' \ 
m fue, (41)
where rh fuel is the mass loss rate of fuel, m ajrc is the mass flow rate of air into the 
compartment, and v is the stoichiometric air-to-fuel ratio.
Lattimer et al. [2005] have defined a modified GER to predict the transported CO, CC>2, 
O2 and unburned hydrocarbons to remote locations from a post-flashover compartment 
fire. The modified GER termed as Control Volume Equivalence Ratio ((j)c) is defined as 
the ratio of the mass loss rate of fuel inside the compartment to the air flow into the 
compartment plus the air entrained into compartment fire gases flowing along the
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hallway. Their study indicated a strong correlation between the species levels in the 
hallway with the $c .
Pitts [1997] postulated that there are at least four mechanisms responsible for CO 
formation in enclosure fires and concluded that GER concept captures only the quenching 
of fire plume upon entering a rich upper layer. The various concepts based on GER, 
which were developed mainly for zone modelling, are of great useful tool to describe the 
fire conditions within compartments and may be used to give a rough estimate on the 
combustion products leaving the compartment. However, the main shortfall of this 
technique is that the methodology might predict similar upper layer CO concentrations 
for reduced-scale and full-scale compartment fires when ventilation conditions (GER) are 
the same. In reality, the distribution of gases in the upper layer for reduced-scale, full- 
scale compartments and a long corridor can be quite different [Tuovinen, 1995; Peters, 
1984; Wangetal., 2001].
Luo and Beck [1997], introduced a modified combustion model based on the 
stoichiometric combustion model with the mixture-fraction concept and an oxygen 
threshold assumption to simulate the combustion process. In their study, they predicted 
the COi concentration based on mass balance of consumed carbon in the fuel and CO 
concentration from empirical correlation between the yields of CO and CO2. In spite of 
the overall agreement between experimental and the predicted results, the authors 
concluded that significant discrepancies still exist and attributed the poor performance of 
the model to the mixture-fraction based formulation.
Floyd et al.[2003] modified the traditional mixture fraction based model to allow for a 
reaction zone of finite thickness. The modification provided a framework for the 
inclusion of minor combustion species like CO and Soot in the mixture fraction state 
relationship using the production of CO and Soot in terms of the mixture fraction.
Recently, Wang et al. [2007] defined the LER over a small control volume as the ratio of 
mass in the volume that originated from fuel sources to the mass in the same volume that
originated from the natural air stream divided by the stoichiometric fuel-to-air ratio. 
Wang et al.[2007] calculated the LER from the mixture fraction £, using the relationship 
[Tuovinen, 1995; Peters, 1984],
Then the mass fractions of combustion products are expressed with the mixture fraction 
by the following equations
where yco (<j), ) and yco ((j),) are yields of CO and CC>2 in g/g of fuel at local equivalence
<l>Uang  
One of the main factors influencing the CO and COi generation locally, during fires, is 
the local vitiated condition, which is represented in this study by the 'Local Equivalence 
Ratio (LER)'. In the present methodology, the local vitiated condition or the LER is 
described by the local fuel-to-air ratio neglecting the effect of products and oxygen 
concentration on the combustion rate [Brohez et al., 2004]. Hence, the LER is defined as 
follows:
( Fuel
I Oxygen J control volume
Fuel i
Oxygen J stoichiometric
Thus to model accurately the generation of intermediate combustion products like CO, 
species transport equations for CO, CO2,02 , & H2O need to be solved.
The CFD fire field modelling software SMARTFIRE [Galea et al., 1999; Ewer et al., 
2004] is used in the present investigation to simulate the detailed thermal and fluid flow. 
Three-dimensional transport equations based on conservation of mass, momentum, 
species and enthalpy are solved iteratively. The governing transport equations for all fluid 
variables can be expressed in a general form [Patankar, 1980; Versteeg and Malalasekera, 
1995; Ferziger and Peric, 2002]
div(pu<|) i )=div(r i grad((|) i ))
Where S^ is the source term. The dependent variable (j)j represents any of the following:
three velocity components (u,v,w), pressure (p), enthalpy (h), turbulent kinetic energy (k), 
dissipation rate of turbulent kinetic energy (e) or mass fraction of fuel, oxygen, CO, CO2 
& H2 O. Formation of CO during fires is a consequence of incomplete combustion and 
mainly influenced by the local conditions like vitiation conditions, insufficient 
temperature to drive the chemical reaction, less residence time in the flame zone.
Production rates of CO and CO2 in g/g of polymer consumed under various vitiation 
conditions (GER) were obtained using a tube furnace called Purser furnace [Purser, 1994; 
Hull et al., 2005]. This bench scale experimental apparatus was developed to enable the 
study of smoke and toxic combustion product evolution from polymers under the 
different stages and types of fire. It is assumed that each control volume is similar to a 
miniature combustion apparatus [Wang et al., 2001; Wang et al., 2007]. The combustion 
conditions within a control volume and the associated LER are assumed approximately 
equivalent to that in the Purser furnace with the same value of GER. The correlation
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between yields of CO & CO2 and GER obtained from the Purser furnace tests is then 
used in this study to model source terms in the transport equations for CO and CO2 . Thus 
by equating GER in the correlation with the EER in each control volume, generation rates 
and concentration of species can be estimated.
Tewarson [1994; 1995] has developed generalised relationships to calculate chemical, 
convective & radiative heats of combustion, and yields of combustion products at various 
equivalence ratios for halogenated and non-halogenated polymers. The generalised 
correlation function developed between product yields and equivalence ratio is given as
1 + a
where fp is the product yield, a, P, and C, are the correlation coefficients characteristics of 
the chemical composition of the polymers, subscript v represents the condition with 
restricted amount of air available and GO represents the condition with infinite amount of 
air available.
Purser furnace experiments were carried out at Fire Materials Eaboratories CMRI, 
University of Bolton [Eebek and Hull, 2005; Hull et al., 2005] and yields data were 
collected during the experiments. In the present study, Tewarson's [1995] correlation 
function was used to obtain a mathematical fit to the Purser furnace data. The CO and 
CO2 yield data for various equivalence ratios obtained from the Purser furnace and the 
correlation curve fit for NYM, NHMH and RZ1-K power cables are shown in the Figures 
4.1 to 4.3. The correlation function with constants for the yields of CO and CO2 in g/g of 
polymer consumed for the three cables considered in the present investigation, are given 
as follows:
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NYM:
NHMH:
RZ1-K:
y co =0.0911* 4.23
exp(()) local /1.2) -1.7
=1-849* 1- 0.7912
exp((j> local /0.8) (4.9)
y co = 0.00917* 1 +
exp((|> local /0.9) (4.10)
y co =3.24909* 1- 0.67735
exp(<|> local /1.0) (4.11)
1 + 18.2
exp((l) local /0.8) -11 (4.12)
yco = 2.445 : 1- 0.4167
exP(<l> (4.13)
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(a)
Figure 4.1 CO and CO2 yields for N YM
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(a)
(b)
Figure 4.2 CO and CO2 yields for NHMH
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